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ABSTRACT OF THE DISCLOSURE 

A process for the low-temperature ionic diffusion of a 
substance deposited upon a metallic substrate in an elec 
trolyte in which the substrate is spacedly juxtaposed with 
a counterelectrode and the applied electric current and 
voltage is established at a level to maintain a surface tem 
perature between 100° C. and 300° C. Scaling is pre 
vented by generating spark discharge along the surface of 
the substrate which may be masked at selected portions 
with polyethylene ?lm to localize the diffusion and pat 
tern the surface. The electric discharge occurs in the form 
of a sheet with an intensity less than that at which pitting 
occurs. 

The current applied is disclosed as being predominant 
ly undirectional with a superimposed high-frequency com 
ponent having a frequency of 100 kHz. to the order of 
several mHz. The electrolyte disclosed may be either 
ionic or non-ionic. The substance is suspended in the elec 
trolyte and migrates to the substrate where the described 
current causes the substance to ionically diffuse into the 
substrate. The substance includes powders of B, Ta, A1203, 
Cu, Au, Ti, C, Va, Nb, P, As, Cr, Mo; carbides of W, Ti, 
Nb and Ta, and M082. 

This application is a continuation~in-part of applica 
tions Ser. Nos. 399,243, now Patent 3,446,718, and 405, 
051, ?led Sept. 25, 1964, and Oct. 20', 1964, respectively. 

In application Ser. No. 399,243, I have described a 
process for the chemical synthesis of organic compounds 
which extends principles set forth in the earlier applica 
tion Ser. No. 356,715, ?led Apr. 2, 1964, now US. Patent 
No. 3,250,892, whereby electrical energy is employed to 
produce molecular entities or ionic species permitting the 
drift of such particles to a substrate immersed in an elec 
trolyte by electrically induced electrolytic diffusion or 
electrophoretic action. As pointed out in application Ser. 
No. 399,243 and the later application Ser. No. 405,051, 
it is possible to use such techniques to deposit various 
substances on conductive bodies. Thus, these systems pro 
vide for the ionization or electrical charging of a migra 
tory species in an electrolyte, the species being present 
in solution or suspension, which are induced by a uni 
directional (predominantly D.C.) electric ?eld to migrate 
through the electrolyte to the substrate and deposit there 
on. In still earlier applications, copending with the chain 
of applications mentioned above and since issued as US. 
Patents No. 3,098,151, No. 3,198,675 and No. 3,232,747, 
it is pointed out that an electric current applied between 
a counter electrode and a substrate immersed in an elec 
trolyte can result in electrolytic heating of the body. In 
application Ser. No. 405,051, this principle is applied to 
thermal diffusion into the crystal lattice, under the in 
fluence of an electric ?eld, of substances deposited thereon 
from the electrolyte. 

That system involves the generation of su?icien heat 
at the electrolyte/substrate interface to permit at least 
partial diffusion or interdiffusion at the interface by means 
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of electric energy. The penetration of the diffusible par 
ticles is facilitated by the use of high-frequency ?elds 
which appear to activate the crystal lattice or destroy a 
barrier to diffusion. An important feature of that system 
involved the combined deposition at the surface of the 
substrate of ionic species or fragments containing the ele 
ment or elements to be diffused into and within the crys 
tal lattice, and the fragmentation or decomposition of 
these species at the surface upon such deposition to 
make available an element capable of penetrating the lat 
tice. Thus, anions of a soluble salt, preferably anions con 
sisting of the element to be diffused into the substrate in 
combination with oxygen, could be considered to migrate 
under the action of an essentially unidirectional electric 
?eld to deposit on the substrate; the deposited anion can 
be fragmented by electrical discharge energy or electrical 
ly produced thermal energy. Continuance of the current 
?ow subsequent to the composition and decomposition of 
anions results in a penetration of elemental fragments into 
the lattice structure. The electrolyte contains an organic 
or inorganic salt whose anions and cations respectively 
migrate to the anode and cathode across which the di 
rect current is applied. Upon decomposition of the cation 
and anion, the diffusible element respectively produced 
by such decomposition penetrates the respective crystal 
lattice. Thus, a steel body can be “case-hardened” in an 
electrolyte having an anion-containing carbon (e.g. an 
acetate, carbonate or bicarbonate anion). When it is de 
sired to increase the sulfur content in a surface zone of 
a steel or molybdenum body, to reduce the sliding fric 
tion of the surface or achieve some other purpose, the 
electrolyte can contain sul?te, sul?de or sulfate anions, 
although the high thermal stability of the latter renders 
their use uneconomical in many instances in which the 
system of application Ser. No. 405,051 can be otherwise 
applied. Nitri?cation of the metallic body was effected 
using electrolyte solutions containing nitrate, nitrite or 
other nitrogen-containing anions in combination with 
cations such as ammonium ions. 
The last-mentioned application also notes that diffu 

sion can be carried out with compounds or species 
which are not fully decomposed at the time of penetra 
tion into the lattice of the substrate. For example, it 
has been found to be possible to bond ?nely divided 
tungsten carbide to a steel substrate and to diffuse it 
into the ‘latter by suspending the tungsten-carbide powder 
in a liquid of suitable density (eg an oil) which acts as 
an electrolyte with respect to migration of the powder. 
Surprisingly, a high proportion of a conductive powder 
(eg. 50% by weight) will render the vehicle sufficiently 
conductive to permit deposition of the powder under 
the in?uence of the electric ?eld, if the powder is more 
or less charged or admits of molecular motion to carry 
the powder to the interface of the substrate and electro 
lyte at which high-current electrical energy develops suf 
?cient heat to permit diffusion and bonding. The rate 
at which the powder will deposit and bond to the elec 
trode surface is increased by vibrating the electrodes 
transversely of their confronting surfaces and in the di 
rection of current ?ow at a sonic frequency (from about 
50 Hz.) to the order of several kHz. It is also advantage 
ous to oscillate the electrodes in the plane of the surfaces 
to be treated at somewhat higher frequencies also within 
the sonic range. 

It is also noted in this application that surprising and 
unobvious results are obtained when a high-frequency 
alternating current is superimposed upon the direct or 
heating current. The alternating current should prefer 
ably be in the megacycle range and not less than about 
100 kHz. and appears to increase sharply the rate of 
penetration of the substrate and the strength of the bond 
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between the latter and the deposited substance. While 
it is believed that this increase in bonding strength and 
rate of diffusion is a consequence of a reduction in the 
barrier energy which the energy of the particle must ex 
ceed to penetrate the lattice of the substrate, it is by no 
means certainand applicant does not wish to be bound 
by any theory in this respect. It may be observed, how 
ever, that the penetration of a crystal lattice from with 
out can be considered analogous to the work function 
of electron emission from a surface; in both cases, it 
appears that a characteristic energy is required before 
the event can be induced to occur. One method of in 
ducing the result is to raise the energy of the particle by 
thermal or electrical means to a satisfactory level, while 
another is to lower the barrier energy as is possible with 
the use of the high-frequency alternating current as de 
scribed in application Ser. No. 405,051. 

It is the principal object of the present invention, to 
provide an improved system for depositing substances 
upon a conductive substrate and diffusing such substances 
into the crystal lattice thereof, thereby extending prin 
ciples originally set forth in the aforementioned applica 
tions and Letters Patent. 

I have now found, totally surprisingly, that it is pos 
sible to diffuse mobile fragments and species (e.g. ele 
ments or molecular particles) into the crystal lattice of 
a metallic substrate immersed in an electrolyte and juxta~ 
posed with a counterelectrode across which the electric 
current is applied, at extraordinarily high rates and to 
considerable penetration depths by limiting rather than 
increasing the temperature generated at the electrolyte/ 
substrate interface. More speci?cally, I have found that 
as the voltage across the system is increased, a unique 
phenomenon occurs, this phenomenon being character 
ized by a reversal of the change in current with voltage 
dI/dV as the temperature at the interface continues to 
rise. However, as the rate of temperature change (with 
respect to voltage dT/dV approaches zero at a tempera 
ture level of 100° C. to 300° C., a level which appears 
to be more or less independent of the nature of the sub 
strate and the nature of the electrolyte, the penetration 
of the substrate is at an unusually high level. Hence, in 
spite of the fact that all earlier evidence appears to point 
to the need for temperatures above the 300° C. maxi 
‘mum at which the present system is carried out and ap 
pears to emphasize the need for increasing the surface 
temperature, it is possible to effect diffusion at tempera 
tures so close to ambient temperatures as to greatly fa 
cilitate the process. Further more, temperature-sensitive 
metallic surfaces can now be treated without difficulty. 
For example, electrolytic heating methods frequently de 
stroyed surface qualities at the high temperatures nec 
essary to permit diffusion even in systems of the type 
described in my application Ser. No. 405,051. 
According to a more speci?c feature of this invention, 

a sheetlike microscopic nonpitting electric discharge is 
sustained uniformly along the exposed surfaces of a con 
ductive substrate while the electric current parameters 
are selected to maintain a temperature at the interface 
of 100° C. to 300° C., preferably around 100° C. The 
electrolyte, which may be an aqueous salt solution, pref 
erably contains up to 25% by weight glycerin which has 
been found to promote uniform surface ?nishes. The dif 
fused material may be metallic powder and preferably a 
high-frequency alternating current is superimposed upon 
the direct current in accordance with the principles of 
application Ser. No. 405,051. Furthermore, it has been 
found that ammonium chloride and other halide salts 
not normally used in electrolytic heating processes cata 
lyze or otherwise promote the penetration of the migrat 
ing species into the crystal lattice of the substrate. 
The above and other objects, features and advantages 

of the present invention will become more readily ap 
parent from the following description, reference beingr 
made to the accompanying drawing in which: 
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FIG. 1 is a vertical cross-sectional view, in diagram 

matic form, of an apparatus for diffusing a metallic 
powder into a metallic substrate, according to this in 
vention; 
FIG. 2 is a cross-sectional view, greatly enlarged, of 

a substrate adapted to receive the deposit; and 
FIG. 3 is a graph illustrating some of the features of 

the present invention. 
In FIG. 1 of the drawing, I show a system for the 

deposition of a powdered material upon a metalliv sub 
strate 4 which is suspended in an electrolyte 3 contained 
in a vessel 1 and is juxtaposed with a counterelectrode 2 
lining the wall of the vessel. A powdered material 9 is 
suspended in the electrolyte ‘which may be ultrasonically 
or mechanically agitated to maintain the powder in sus 
pension. The electrolytic heating source comprises a bat 
tery 5, which is representative of any direct-current 
source, connected across the electrodes 2 and 4 in series 
with a choke 8. The choke 8 serves to dissipate surges 
which might otherwise be applied to the source 5. In addi 
tion, a high-frequency alternating current source 6 ener 
gizes the primary winding 10a of a coupling transformer 
10 whose secondary winding 10b is connected in series 
‘with the direct-current blocking capacitor 7, across the 
electrodes 2 and 4. 

In FIG. 2, I have diagrammatically illustrated the 
principles of the present invention. The substrate 11 of 
this ?gure has an upper surface 12 which is partially 
masked by a polyethylene ?lm 13 to expose the surface 
14, ‘which is localized over the area A to the action of 
the system of FIG. 1. The electrolyte 15 in contact with 
the surface 14 contains suspended metal powder 16 which 
may absorb electric charge or otherwise ionically or elec 
trophoretically migrates to the surface 14 to form a layer 
17 along the interface. 
At this interface, in accordance with the principles dis 

cussed in the aforementioned patents and applications, 
there may be a formation of microscopic or submicro- 
scopic gas bubbles which provide some of high resistivity 
to generate heat along the surface and permit thermal dif 
fusion into a zone D within the outlines of area A to a 
depth which is a function of the electrical parameters and 
the temperature. In accordance with the present inven 
tion, a uniform spark-type discharge represented at 18‘ is 
promoted in a sheetlike or blanket discharge over the 
entire area A at the interface to prevent scaling or remove 
the scale. The shield 13 is uneffected by the discharge 
which is at an energy level such that pitting of the surface 
does not occur. It will be understood that a distinctive 
level of voltage and current exists for any substantially 
metallic surface and for any electrolyte at which pitting 
(i.e. the formation of recesses or cavities in the surface) 
will develop and below which, no such pitting will occur. 
Throughout the range, from incipient discharge forma 
tion to this level, the principles of the present invention 
are applicable. 

In FIG. 3, I show a graph of the voltage, plotted as 
the abscissa, against the temperature at the interface, 
plotted along the ordinate and represented as the broken 
line graph, and current which is also plotted along the 
ordinate but is represented as a solid line. The graph re 
lates to Example I below and is typical of a system such 
as that shown in FIG. 1. As the voltage increases, the 
temperature at the interface initially rises slowly from the 
starting temperature S to a point B corresponding to a 
sharp dip in the measured current at the region A of the 
graph. In spite of a substantially instantaneous fall of 
current with increasing voltage, the temperature at the 
surface rises sharply to the point D at which it levels off 
prior to rising again from the zone B to F. I have found 
that in this region (i.e. from the region D to F) up to 
300° ‘C., diffusion is at its maximum. Best results, how 
ever, are obtained ‘with a voltage of substantially 100 to 
300 volts and temperature in the region of 100 to 150° C. 
and, still more signi?catntly, of around 100° C. Thus, the 
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present invention should preferably be carried out at a 
voltage substantially midway between the limits (D and 
E) of the plateau of the temperature-voltage curve. 

EXAMPLE I 

Using the system illustrated in FIG. 1, a S150 still 
having a diameter of 6 mm. and the length of 15 mm. was 
spaced from a stainless steel counterelectrode by a dis 
tance of 10 cm. in an aqueous electrolyte containing 50% 
by weight glycerin and 5% by weight potassium acetate. 
The applied voltage was 150 volts and the surface tem 
perature was 100° C. A diffusion coe?icient of 3.2><10—7 
cmF/sec. was observed. In the same system, when 180 
volts direct current, upon which 100 volts A.C. at 350 
kHz. was superimposed, a surface temperature of 100° C. 
was obtained and the diffusion coefficient was 4.8>< l0-7 
cm.2/sec. 

Again, with the relationship of counterelectrode and 
workpiece described earlier and the same electrolyte, I 
used a series of 10 microsecond pulses at intervals of 10 
microseconds and a peak-to-peak potential of 300 volts 
(during which the workpiece is positive) with interspersed 
negative pulses of 5 microsecond duration and 15 micro 
second spacing at 50 volts peak-to-peak. The tempera 
ture at the workpiece surface is 100° C. The diffusion 
constant is found to be 6.1 X 10"7 cm.2/ sec. All along the 
exposed surface of the electrode, a blanket-type non 
pitting discharge prevents scale formation. 

EXAMPLE II 

The 815s steel electrode of Example I is provided with 
diffusion coating of boron by dispersing 10% by weight 
of boron powder (400 U.S. mesh) in an aqueous electro 
lyte containing 10% by weight potassium acetate. 3% by 
weight ammonium chloride was dissolved in the electro 
lyte. The unidirectional potential of 80 volts was applied 
for 30 minutes and a boron diffusion of 150 microns 
depth was obtained. Using the same unidirectional poten 
tial for only 5 minutes and upon superimposition of 450 
kHz. alternating current at 30 volts (peak-to-peak), a 
penetration depth of 100 microns was obtained. 

EXAMPLE III 

Using the electrolyte and workpiece of Example II, 
aluminum powder (15% by weight in the electrolyte of 
320 U.S. mesh) was diffused into the substrate with a 
unidirectional potential of 80 volts for a period of 30 
minutes. The penetration depth was 60 microns. Using 
a diffusion time of 5 minutes and superimposing 500 kHz. 
high-frequency A.C. at 30 ‘volts on the system, the pene 
tration depth ‘was 56 microns. ' 

EXAMPLE 1V 

Using the electrode and electrolyte arrangement of 
Example II and a powder component consisting of 5% 
by weight of the electrolyte of 300 U.S. mesh tantalum 
powder and 1% by weight of the electrolyte of 300 U.S. 
mesh aluminum oxide (Al-203), a penetration depth of 
220 microns was obtained in 30 minutes with a DC. 
potential of 80 volts. superimposition of 500 kHz./sec. at 
30 volts for a total processing time of 5 minutes resulted 
in a penetration depth of 180 microns. 
When ammonium chloride was not used and the elec 

trolyte conductivity restored with other acetate salts, a 
substantial drop in the penetration depth was observed. 
The system of the speci?c examples has been found to 

be effective with copper, gold, silicon, titanium, carbon, 
vanadium, niobium, phosphorus, arsenic, chromium and 
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6 
molybdenum, with tungsten carbide, titanium carbide, 
niobium carbide, tantalum carbide and molybdenum di 
sulphide, all in addition to the powders used in Examples 
II-IV. In all of the aforedescribed examples, the dif 
fusion depth was lO-20 times greater than that which 
could be obtained by thermal methods at 100° C. over 
similar periods. 

I claim‘: 
1. A method of diffusing a substance into a metallic 

substrate, comprising the steps of immersing said sub 
strate into an aqueous electrolyte containing a substance 
capable of migrating under a unidirectional ?eld and 
spaced'from a counterelectrode in contact with said ve 
hicle; applying a predominantly unidirectional current 
through said electrode and said substrate of an intensity 
sufficient to promote a uniform nonpitting blanket dis 
charge along a surface of the substrate in contact with 
said electrolyte to prevent the formation of scale thereon 
and poled to effect migration of said substance to said 
surface of said substrate in contact with said vehicle 
while'of an intensity sufficient only to maintain the tem 
perature at said surface in the range of 100° C. to 300° 
C. and effect diffusion of the substance into said sub 
strate; and superimposing uopn said predominantly uni 
directional current a high-frequency current component 
with a frequency ranging from 100 kHz. to the order of 
several mHz. ' 

2. The method de?ned in claim 1 wherein said sub 
stance is a metallic powder suspended in said aqueous 
electrolyte. 

3. The method de?ned in claim 2 wherein said com 
ponent is high-frequency alternating current. 

4. The method de?ned in claim 2 wherein said elec 
trolyte contains a halide salt. 
:- 5. The method de?ned in claim 4 wherein said halide 
salt is ammonium chloride. 

6. The method de?ned in claim 2 wherein the voltage 
applied between said electrode and said substrate is about 
100 to 300 volts. 

7. The method de?ned in claim 2 wherein said metal 
powder is composed of a substance selected from the 
group consisting of boron, tantalum, aluminum, aluminum 
oxide, copper, gold, silicon, titanium, carbon, vanadium, 
niobium, phosphorus, arsenic, chromium, molybdenum, 
tungsten carbide, titanium carbide, niobium carbide, tan 
talum carbide and molybdenum disulphide. 

8. The method de?ned in claim 7 wherein said substrate 
is composed of steel. 

9. The method de?ned in claim 2, further comprising 
the step of masking a portion of said substrate with a 
synthetic resin ?lm to expose only a limited surface to 
said vehicle. 

10. The method de?ned in claim 2 wherein the tempera 
ture at said surface is maintained at about 100° C. by said 
current. 
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